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Abstract

An important biological effect of ionizing radiation on living organisms
is mutation induction. Mutation is also a primary event in the etiology of
cancer. The chain events, from induction of DNA damage by ionizing
radiation to processing of these damages by the cellular repair/replication
machinery, that lead to mutation are not well understood. The
development of quantitative methods for measuring mutation-induction,
such as the HPRT system, in cultured mammalian cells has provided an
estimate of the mutagenic effects of x- and Trays as well as of high LET
radiation in both rodent and human cells, A major conclusion from these
mutagenesis data is that high LETradiation induces mutations more
efficiently than g-rays. Molecular analysis of mutations induced by ~
sparsely ionizing radiation have detected major structural alterations at
the gene level. Our molecular results based on analysis of human HPRT
deficient mutants induced by y-rays, a-particles and high energy charged
particles indicate that higher LETradiation induce more total and large
deletion mutations than Trays. Utilizing molecular techniques including
polymerase chain reaction (PCR), Single-strand conformation
polymorphism (SSCP), denaturing gradient gel electrophoresis (DGGE)and
Direct DNA sequencing, mutational spectra induced by ionizing radiation
have been compared in different cell systems. Attempts have also been
made to determine the mutagenic potential and the nature of mutation
induced by low dose rate y-rays.

Defective repair, in the form of either a diminished capability for repair
or inaccurate repair, can lead to increased risk of heritable mutations f:om
radiation exposure. Therefore, the effects of DNA repair deficiency on the
mutation induction in mammalian cells is reviewed.
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lhtroduction

Mutation is a primary event in the etiology of cancer. Mechanisticaiiy,
point mutations are involved in the activation of oncogenes and deletions
are responsible for the inactivation of suppressor genes in many human
cancers (9). Cytogenetic events such as translocation and nondisjunction
that will affect the expression of multiple genes in a chromosome are also
associated with very unportant classes of human cancer (10). While most
of the early work on mutation induction invol~ ed the use of animals,
recent technical advances in somatic cell culture have allowed populations
of human or rodent cells to be used in mutation studies. The inducible
recessive and X-chromosome linked genetic marker in mammalian cells, 6-
thioguanine resistance, results from the reduction in the activity of the
purine salvage enzyme hypoxanthine-guanine phosphoribosyltra.nsferase
(HPRT). This genetic marker has been widely used in studies of radiation
mutagenesis, especially in rodent and normal human fibroblasts (1-8).

RBEfor mutation induction

The development of quantitative methods for measuring 6-TGr
mutation induction in cultured mammalian cells has provided an estimate
of the mutagenic effects of X- and y-rays. These methods have also been
used to study radiation mutagenesis of higher LETin both cultured rodent
and human cells. Higher RBEvalues for mutation induction than for cell
inactivation have been obsemed after exposure of rodent or human
fibroblast cells to accelerated heavy ions (5), fast neutrons (6) and a-
particles (7). It has been shown that in mouse and human celis, the RBEfor
mutation induction at the HPRTlocus increase as a function of LIT and
reach a maximum in the range of 90-200 KeV/pm with an RBEvalue
between 6-7 (3-8). Studies by Tsuboi et al., (50) and that by Hei et al., (8)
on human skin fibroblasts have shown an increase in R13Eas function of
LETwith a maximum reached at about 150 KeV/pm. At higher III’ value,
the RBEfor mutation induction decrease, similar to the RBEfor cell killing.
The major conclusions of these studies lead us to conclude that irradiation
with high LETradiation, such as a-particles, produces more mutagenic
events per unit dose in human fibroblasts than does irradiation with X-
rays. The large RIMfor 6-TGr muta[ions can be interpreted to mean that
high 1..EYI’radiation induce more unrepaired and misrepaired DNA damage
leading to G-TGr mutations than do X-ray at equal survival iev~ls (7).

Mokcukw amdyds of muta tlon
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Classically, the molecular spectrum of the mutants induced by a
mutagen is determined by Southern analysis. In this approach, genomic
DNA of mutant cells is digested to completion with restriction
endonucleases of choice, electrophoresed through agarose gels, and
analyzed by Southern blot techniques with hybridized ~2P-labeled human
HPRTcDNA, When changes are seen, the region of the gene ir~volved is
determined by an altered restriction fragment(s). The molecular analysis
of mutations at the gerie level has been greatly facilitated by the recent
development of polymerase chain reaction (PCR)-based DNA amplification.
PCR can be used to rapidly identify deletions in geriornic DNA by
determining whether a specific region of DNAcan be amplified. Southern
analysis is not only time consuming but may also provide incomplete
results due to the limited resolution and the cross hybridization with the
pseudogenes. Recently, multiplex PCR technique has been developed
which can amplify all 9 exons of the HPRTgene simultaneously in a very
short period of time for a large number of samples (51,52).

Molecular genetic analysis of mutations induced by sparsely ionizing
radiation at selectable loci of mutants has revealed major structural
alteration at the gene level (12-17). Utilizing both Southern and multiplex
PCR analyses, a large number of yray, a-particle, argon ion ( 470 MeV/u)
-induced HPRT deficient human mutants have been analyzed. The
structural alteration of the HPRTgene of the mutant DNA was compared tc
the control DNA pattern. Among a total of 109 y-ray-induced mutants, 30%
were total deletion mutants and 24% showed either intragenic or partial

deletion. All nine ex.ons were synthesized from the rest of the mutants
(46%) without major alteration. On the contrary, -50% of the a--particle-
induced mutants were total deletion and 109(O showed a partial deletion of
the target gene. Similarly, the percentage of gross gene deletions increases
when human fibroblasts are irradiated with higher LETArgon particles.
These results indicate higher LETradiation induces more total and large
deletion mutations than y-rays, and it is consistent with the limited u-
particle results reported by Thacker et al. (13) using rodent and human
cells at the HPRT locus and with data reported by Kronenberg and Little
(17 ) on thymidine Kinase (TK) mutants of human B-lyrnphoblastoici cells
induced by neutrons and 40Ar ions (470 MeV/u). From these data can be
interpreted that high LETradiation not only induces mutations more
effectively per unit of dose than y-rays but also induces mutations
qualitatively different from those induced by spars(’ly ionizing radiation.

MolecuJar mechanisms of radiation mutagenesis
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southern or PCR analysis of radiation-induced mutations can not detect
point mutations and small deletions (<50 bases) and also can not tell us the
size of those deletions in mutants that extend beyond the boundaries of
the target gene. Recent advances in molecular biology enable us to detect
mutation from a single nucleotide change to megabase deletions. Utilizing
molecular techniques including polymerase chain reaction (PCR), Single-
strand conformation polymorphism (SSCP),denaturing gradient gel
electrophoresis (DGGE)and direct DNA sequencing, mutational spectrum
induced by ionizing radiation have been compared in different cell
systems.

The total spectrum and extent of the mutations induced by ionizing
radiation in mammalian cells is not clear. In microbes, good genetic
evidence suggests base substitutions are the most common type of
mutational event caused by ionizing radiation (18-20). Both transitions
and transversions have been found at A.T as well as G.C base pairs. These
base substitutions appear to be random (18,19). Point mutation analysis in
mammalian cells are very limited. Recent studies at the adenosine
phosphoribosyltransferase (APRT)locus in CHC)cells have also
demonstrated that Trays can induce frameshifts, transitions,
transversions, and small deletions that cannot be detected by Southern
blot analysis (21-2 3). Even though the data base is still small, it appears
that base substitutions represent -75% of the y-ray-induced point
mutations analyzed and the remainder are small deletions. These base
substitution mutations are well distributed throughout the APRT coding
sequence with every possible type, This wide variety of base substitutions
is consistent with the broad specificity of ionizing radiation-induced base
substitutions in prokaryotes and in lower eukaryotes. In contrast, the
spontaneous mutational spectrum at the APRTlocus is characterized by
prominent hot spots and multiple independent events at several positions
of the APRT gene (2 1-23). Utilizing the E. coli supF gene encoding the
suppressor tyrosine tRNAin a human shuttle plasmid as a target, Waters
et al. (24) and Jaberaboansari et al. (25) hwie analyzed a large number of
spontaneous, X-ray- and a-particle-induced mutations in human
lymphoblastoid cells. Contrary to the APRT system, the distribution of
mutations is highly nonrandom in the shuttle plasmids and remarkably
similar in both irradiated and control DNA. Since DNA in solution is
irradiated before transecting to the human cells, ex[ensive oxidation
effects on the naked DNAmay be a contributing factor, LJsing DGGF
technique Ckinaka et al. has analyzed rray-inciuccd point mutation in the
population of human lyrnphoblastoic cells (S3), ‘1’hey-irradiated
populations contained several mutations in the low melting region of mum
.3that were not observed in the untreated culturt~, Two exon .+sptx-ific
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mutations were observed in more than one treated culture and various
tests for potential biases suggested that these were radiation specific
mutational hotspot. These two recurring mutations were specific lbp
deletions in either a run of 4 T:A’sor a run of 3A:T’s (53 ). Turkington and
Struss (54) have recently suggested that when a darnaged thymine is
located in a run of T’s, a more lilkely bypass mechanism is through slippage
and misalignment which results in the production of one and two bp
deletions. They attempt to demonstrate this process in an in vitro DNA
polymerase assay that “rescues” X-ray damaged plasmid containing a Lac
reporter sequence. The similarity between Turkington and Struss data set
and the human HPRTexon 3 result suggests that base damage and slippage
and misalignment at runs of T’s is a plausible mechanism by which ionizing
radiation can induce mutational hotspots (53).

Physical characteristics of the different types of radiation should play
an essential role on the radiation-induced mutational spectrum. Most
importantly, these radiation-specific characteristics will serve as a constant
parameter regardless of the physiological conditions of the cells being
studied. X-rays and Trays generally have a low rate ( 0.2-3 KeV/pm) of
liner energy transfer (LET). They penetrate deeply but generate ions
sparsely along their path. High concentrations of energy-dissipation
events occur within small volumes but per unit dose are less frequent and
more widely spaced than high LETradiation, such as a-particles (LETat
100 KeV/pm). A direct energy deposition event of low LETradiation wrll
cause DNA strand breaks. The probability that one event will disrupt DNA
double strand breaks is small but it will be increased as a function of dose.
It has been suggested that low LETradiation exerts the bulk of its
damaging effects through oxygen derived free radicals, particularly
hydroxyl radicals. Hydroxyl radicals cause modification of the nitrogenous
bases, single-and double-strand breaks and base-free (AP) sites (26-28).
Recent evidence has suggested that base lesions may be at least equaily or
twice as common as strand breaks in low LETradiation induced DNA
lesions (28,29), An oxidative product has been found in X-irradiated DNA,
8-hydroxyguanosine and it induces transition and tr,ansversion mutations
involving G,C pairs (30). The action of high LETradiation may differ from
that of Trays due to the high energy deposition along the ionization path .
Free radical-mediated oxidative damages are at least partly contributed in
high LEWinduced DNA lesions. If radiation-induced point mutations are
due to the oxidative damages of the DNAmediated by free radicds, it is
possible that both low and high MT radiations induce similar types of
point mutatitms. It is also essential to know whethw these rwiialion-
induced point mutation spectra are different from that which occur
spontaneously.

()



The basic mechanisms of radiation induced deletion mutations is ako
not clear. The average energy deposited per absorption event by a low-
LETradiation, -60 eV, is large enough to break any molecular bond.
Clusters of ionizations can be produced whose dimensions are large enough
to rupture a number of bonds in close proximity due m direct action, or to
direct plus indirect action due to the diffusion of reactive species (e.g. OH-).
For high LETparticles, such as a-particles (3.6 MeV), we can imagine the
radiation track as a reasonably straight thin cylinder with high energy
deposition events along its path. A model has been proposed by
Mazumder and Chatterjee (31,3 5) to calculate the radial energy deposition
around a high LITfparticle track for application in radiobiology. In this
model, the structure of a particle track is divided conceptually into two
regions: “core” and “penumbra”. For a 3.6 MeV a-particle, the core radius
of the radiation track, which primarily consists of high energy deposition
events, is about 5 A. The penumbra radius of the track, which is about 9.6
x 102 A, is a low energy density region (35). More than half of the total
energy of the a-particle is deposited in the core region (35). This type of
high-LET radiations are very efficient in causing DNA double-strand
breaks (I)SB) and these types of breaks are either not repaired at all or
rnisrepaired (32-34). It is thought that these types of unrepaired and/or
rnisrepaired DSBcould give rise to deletion mutations. We can hypothesize
that deletion mutations may occur after cells rejoin either a single DSBor
two DSBSfollowed by recombinogenic mechanisms, chromosomal
rearrangement, or by looping out of an interstitial chromosomal segment.
Ic is most likely that a spectrum of deletion mutations can be induced
depending on the types of D14Adamage and the subsequent repair
mechanisms involved. Currently available molecular data suggest that
high-LH’ radiation may jnduce more and/or larger deletion mutations
around the target gene ( 13,17,36).

DNA repair ad mu tageaesls

DNA repair plays an essential role in radiation mutagenesis. There is
evidence in normal cells that some recovery processes allow mammalian
cells to tolerate damage that hi?s not been removed. This action can
subsequently result in mutation. Cells that are deficient in the DNA repair
process may also restore a damaged chromosome to its original
configuration in a misrcpaired fashion that may allow cell sumival, but
may also be mutagenic. The reduction of cell killing and mutation
frequency in mammalian cells by low LETirradiation at low-dose-rates,
compared to acute irradiation, have bum attributed to the action of
cellular repair processes during the irradiation (37-4 1).

7
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This is supported recently from the studies of mutation-induction using
DNA double strand breaks (DSB)repair-deficient mutants. CHO mutant
XRS-6and mouse mutants M1O, LY-S1,and XL830 cells are hypermutable
(42,43,45,46). Mutant XL830 cells also lack a dose rate effect on mutation
induction frequency (46). However, Evans et al. (44) have shown that DSB
repair-deficient mutant LY-S1cells are marginally dose rate dependent at
the heterozygote TK +/- locus, which presumably allow the recovery of
multilocus deletions. Surprisingly, TK-/-mutants recovered from the low-
dose-rate irradiation are predominantly multilocus deletions. It is
suggested that the decreased DSBrepair-capability increases the
probability of formation of large deletions (44). Since a significant cell
cycle redistribution occurs during the protracted exposure of continuing
suspension culture of LY-SI cells, it ma;y complicate the effects of DNA
repair on the frequency and the nature of the mutation-induction.
Nevertheless, it is likely that mutations induced by low-dose-rate
irradiation in the repair-deficient cells may be qualitatively different than
that occurring in repair-proficient cells.

As discussed earlier, mutations induced by acute high dose of X or Yrays
have exhibited major structural alterations at the gene level. These events
may result from a single ionizing electron track. However, with increasing
dose of y-rays, mutations most likely result as a consequence of two or
more electron tracks, In the low dose region, particularly when exposures
are protracted low-dose-rate y-irradiation, the number of tracks will be
fewer, and it is possible that the damage due to an individual track may be
repaired before damage from additional exposure. It is likely that the
ratio of radiation-induced larger deletion to point mutation would decrease
such that spectrum of mutation from the low dose exposure would be
qualitatively different from those irradiated with high dose radiation. It
has been shown that in Neurospora crassa the frequency of multilocus
deletion, but not point mutation is reduced with a decrease in the dose rate
of X radiation (47). Similarly the mutations at specific loci in irradiated
mice are often associated with large genetic changm and these mutations
exhibit a dose-rate dependence (48). However, there are no molecular
data in mammalian cells to substantiate this hypothesis. Molecular
dissection of the mutation spectra induced by low-dose-rate versus acute,
high-dose-rate rirradiation in normal human cells will provide a
comprehensive analysis of the mechanisms of radiation-induced gene and
chromosome mutations. Normal human fibroblasts are ideal for this type
of experiment since they remain viable, noncycling and contact inhibited
during prolonged plateau phase (49). Since more than 90% of the human
cells are noncycling, studies utilizing plateau phase human fibroblasts
should reflect the in vivo situation of [he dose-rate effects.

8



4 .

Acknowledgment t

We are indebted to Mr. Tracy Hanks and Ms. Debra Adair for
technical assistance. This work was supported by the U.S.
Department of Energy and National Institute of Health.

Refiiences

1. Chu,E.H.Y.,Mammaliancellgenetics111,Characterizationof X-ray-induced
forwardmutations n Chinesehamstercellcultures.MutatRes11:23-2Ll(1971)

2. Albertini,R.J.and R.Demars,Detectionand quantificationof X-ray-induced
mutation in cultured, diploidhuman fibrobl~sts.MutatRes8:199-224(1973)

3. COX,R.and W.K. Masson, X-ray induced mutation to 6-thioguanine resistance in
cultured human diploid fibroblasts. Mutat Res 37:125-136 (1976)

4. Van Zeel, A.A. and J.W.I.M. Simons, Linear dose-response relationships after
prolonged expression times in V79 Chinese hamster cells. Mutat Res 35:129-i38
(1976)

5. Cox, R., J. Thacker, D.T. Goodhead, and R.J. Munson, Mutation and inactivation of
mammalian cells eqxxed by various ionizing radiation. Nature 267:425-427 (1977)

6. Nakamura, N., S. Suzuki, A. Ito, and S. Okada, Mutations induced by y-rays and fast
neutrons in cultured mammalian cells. Differences in dose response and RBE with
methotrexdte- and 6-thioguanine-resistant system. Mutat Res 104:383-387 ( 1982)

7. Chen, D.J., G.F. Strniste, and N. Tokita, The genoto.xicity of a-particles in human
embryonic skin fibroblasts. Radiat.Res 100:321-327 ( 1984)

8. Hei, T. K,, D. J. Chen, D. J. Brenner and E.J. Hall, Mutation induction b}’ charged
particles of defined linear energy transfer. Carcinogenesis 9:1233-1236 ( 1988)

9. Friend, S.H., T.P. Dryja, and RA. Weinverg, Oncogenes and tumor-suppressing
genes, The New England J. Medicine3 18:618-622 ( 1988)

10. Sandberg, A.A., “The chromosomes in human cancer and leukemia.” New York:
Elsevier,pp 183-261 ( 1980)

12. Vrieling, H., J. W,LM. Simons, F, Arwert, A.T. Natarajan and A.A. van Zeeland,
hlutations induced b}’ X-rays at the IIPRT locus in cultured Chinese hamster cells
are mostly large deletions, Mutat Res 144:281-286 ( 1985)

13.Thacker, J., The nature of mutants induced b~’ ionizing radiation in CU1tured
hamster cells. Ill. Molecular characterization of }lPRT-deficient mutants induced
by trays or a-particles showing that the majorit~’ have delc:ions of 011or part of
the hprt gene, Mutat Res 160:267-275 ( 1986)

14. LJrlaub, G., P.J. Mitchell, Ii Kas, LA. Chasin, V.I.. Funanage, T.’]’. Myuda, and J.
Hamlin, Effect of Wrtys at the dihydrofokue rcductase locus: deletions and
inversions, Sornat Cell & Mole Gene. 12:555-566 ( 1986)

15. Lib~i- }[.11.,K.hf. Call and J, B, I.ittle, Molecular and biochcnlicat anal~’sis of
spontaneous and X-ra~’-induced mutants in human 1}’mphoblas[oid cells, Mutat Km
178:14.+-153 (1987)

16. Gibbs, R.A., J. Canu.dmris, G.s, Ilodgoson and R.};. Martin, Molecular
characterizati(m of 1~~ 1dcca}’ and X-ra)-induOxi Ill’i{l” mutants ill Cl 1(1twlls, Int J
Radiat lliol S 1:1 ‘).+-l 99 ( 1987)

9



17. Kronenberg, A. and J.B. Little, Molecular characterization of thymidine kinase
mutants of human cells induced by densely ionizing radiation, Mutat Res 211:215-
224 (1989)

18.Glickman, B.W., K. Rietveld and C. S. Aron, g-ray induced mutational spectrum in
the Lac1gene of Eschenchjia coli: Compararison of induced and spontaneous
spectra at the molecular level. Mutat. Res. 69:1 ( 1980)

19. Kate, T., Y. Oda and B. W. Glickman, Randomness of base substitution mutations
induced in the Lac I gene of Ii Coli by ionizing radiaiton. Radiat. Res. 101:402
(1985)

20. Mailing, H.V. and F.J. De Serres, Genetic alterations at the molecular level in X-ray
induced ad-3 B mutants of ~ ~. Mutat Res 53:77 (1973)
27. Gutz, H., Distribution of X-ray and nitrous acid-induced mutations in the genetic
fine structure of the ad7 locus of Schizosaccharomyces prombe. Nature 191:1125
(1961)

21. Miles, C. and M. Meuth, DNA sequence determination of g-ra)’-induced mutations
of the hamster aprt locus, Mutat. Res, 227:97-102 (1989)
20.De Jong, P., A.J. Grosovsky and B. W. Glickman, Spectrum of spontaneous
mutation at the APRT locus of’ Chinese hamster ovary cells: An analysis at the DNA
sequence level, Proc. Natl. Acad, Sci. USA 85:3499-3503 ( 1988)

22. Grosovsky, A.J., E.A. Drober, P.J, de Jong, E.A. Drobetsky and B.W. Glickman, Base
substitutions, frameshifts and small deletions constitute ionizing radiation-
induced point mutations in mammalian cells, Proc Natl Acad Sci USA 85:185-188
(1988)

23. Miles, C. and M. Meuth, c13NA sequence determination of yradiation-induced
mutations of the hamster aprt locus, Mutat Res 227:97-102 ( 1989)

240 Jaberaboansa, A., W*C. Dunn, R-JO ~eston, s. Mitra and LCO waters, MUtatjOns

induced b~’ ionizing radiation in a plasmid replicated in human cells, 11.Seauence
analysis of alpha particle-induced point mutations. Radiat Res 127:202-210 ( 1991)

25. Waters, L. C.,M.O. Sikpi, R.J. Preston, S. hlitra, and A. Jaberaboansari, Mutations
induced b~’ ionizing radiation in a plasmid replictaed in human cells. 1. Similar
nonrandom dismibution of mutations in unirradiated and X-irradiated DNA, Radiat
Rt’s 127:190-201 (1991)

26. Ljungquist, S. and T. Lindahl, A mammalian endonuclease specific for apurineic
sites in double-strand deoWtibonucleic acid. J. Biol. Chem. 249:1536 ( 1974)

27. Eh-eijer, L H. and T. i.indald, Thymine lesions produced by ionizing radiaiton in
double-strand DNA. Biochemistry, 24:4018 (1985)

28, Hutchinson, F. Chemical changes induced in DNA by ionizing radiation, Progr.
Nucleic Acid Res. Mol. BioL, 32:115 ( 1985)

29. Ward, J. F., Biochemistry of DNA lesions. Radiat. Res., 104:S103-S111 ( 1985)
30. Kuchino, Y., F. Mori, H. Kasai, H. Inoue, S. Lwai, K. Miura, E. Ohtsuka and S.

Nishimurd, Misreading of DNA templates containing 8-hydroxydeoxyguanosine at
the modified base and at adjacent residues, Nature 327:77-79 ( 1987)

31. Mazumder, A., A. Chatterjee, and J. > Magee, Theory of radiation chemistry. LX.
Model and structure of heavy particle trdcks in water. In advances in Chemistry,
Series 81 (American Cehmical Society, Washington, pp.27-48. ( 1968)

32. Ritter, M., J. Cleaver, and C. Tobias, High LH radiations h-tdduce a large proportion
of non-rejoining DNA breaks, Nature (London) 266:653-65S ( 1977)

33, Cole, A., R.E. Meyn, R.Chen, P.M. Cow, and W. Hitte]man, Nfechanisms of cell
injury. In Radi.ition Biology in Cancer Research (R.E. Meyn and H.R. Withers,
Eds, ), pp.33-58. Ravem Press, New York, ( 1980)

34. VAN DER SC}IANS, G.P,, M.C. Patterson, and W.G. Cross, DNA strand break and
rejoining in cultured human fihroblasts exposed to Fdsi neutrons or gamma riys,

Int. J. R~diat. Biol. 44:75-85 ( 19$3)

10



●

35. Chatterjee, A., Radiobiological effects of high-~ particles: DNA strand breaks,
Nuclear Instruments and Methods in Physics Research A280:439-448 (1978)

36. Evans, H.H., M.F. Horng, J. Mencl, K.G. Glazier and J.Z. Beer, The iniluence of dose
rate on the lethal and mutagenic effects of X-rays in proliferating L5 178Y cells
differing in radiation sensitivity, Int J Radiat Biol 47:553-562 ( 1985)

37. Mitchell, J. B., J.S. Bedford, and S.M. Bailey, Dose-rate effects in plateau-phase
cultures of S3 Hela and V79 cells, Radiat. Res. Q8:39-83 (1972)

38. Nakamura, N. and S. Okad& Dose-rate effects of gamma-ray-induced mutations in
culture mammalian cells, Mutat res 183:127-135 (1981)

39. Konig, F. and J. Kieffer, Lack of dose-rate effect for mutation induction by Trays
in human TK6 cells, ‘nt J Radiat Biol 54891-897 ( 1988)

40. Evans, H.H., M. Nielsen, J. Mencl, M. Homg, and M. Ricanati, The effect of dose rate
on X-radiation-induced mutant frequency and the natire of DNA lesions in mouse
lyphoma L5 178 cells, Radiat Res 122:316-325 (1990)

41. Wells, R.L and J.S. Bedford, Dose-rate effects in mammalian cells IV. Repairable
and nonreptirable damage in noncycling and C3H 10T1/2 cells, Radiat Res 94:105-
134(1983)

42. Evans, H.H., M.F. Homg, J. Nfencl, K.G, Glazier and J.Z. Beer, The influence of dose
rate on the lethal and mutagenic effects of X-rays in proliferating 1.5178Y cells
differing in radiation sensitivity, Int J Radiat Biol 47:553-562 ( 1985)

43. Mussa, T.A.K. , B. Singh and P.E. Bryant, Enhaced mutability at the tk locus in the
radiosensitive double-strand break repair mutant xrs5, Mutat Res 231:187-193
(1990)

44. Evans, H.H., M, Nielsen, J. Mencl, M. Horng, and M. Ricanati, The effect of dose rate
on X-radiation-induced mutant frequency and the nature of DNA lesions in
mouse lymphoma L5178Y cells Radiat Res 122:316-325 (1990)

45. Shiorni, T., N. Hieda-Shiomis, K. Sate, H. Tsuji, E. Takahashi and L Toban, A mouse-
cell mutatant sensitive to ionizing radiation is h~’permutable by low doses of T
radiation, Mutat Res 83:107-116 (1981)

46, FurunmFukushi, I. and H. Matsudaira, Mutation induction by different dose rates
of Trays in radiation-sensitive mutants of mouse leukemia cells, Radiat Res
120:370-374 (1989)

47. De Serres. F.J., H.V. Mailing, and B.B. Webber, Dose-rate effects on inacti~fation and
mutation induction in Neurospora crassa, Brookheaven Symp. Biol. 20:56-75
(1967)

48, Russell W.L and E.M. Ken)’, Specific-locus mutation frequencies in mouse stem-
cell sperrnatogonia at very low radiaiton dose rates, Proc. Natl. Acad. Sci. lJSA
79:539:541 (1982)

49. Simons, J. W,LM., De\7elopment of a liquid holding tchnique for the stud>’ of DNA r
repair in human diploid fibroblasts. Mutat Res 59:273-283 ( 1979)

50. Tsuboi, K., T. C, Yang and D. J, Chen, Charged-particle mutagenesis, 1, Cytotoxic and
mutagenic effects of high-LET charged ion particles or human skin fibroblast,
Radiat. Res. 129:171-176 (1992)

51. Gibbs, R. A., P. N, Nguyen, A. Edwards, A. b. Ci\itllo andC. ‘I. Caskey, Multiples DNA
deletion detection and exon sequencing of the hypownthine
phosphoribosyltransfemse gene in Ifisch-N)han families, Genomics 7:235-244
(1 990)

52. Park, hf. S., T. Hanks, A. Jaberaboansari and D. J. Chcn, Molecular anal}fsis of g-
ra;’ induced mutations at the HPRT locus in normal human skin fibroblasts b~)
multiples polymerase chain reaction, Radiat. KM. submitted ( 1992)

5.3. Okinaka, R, S. L Anzick, A. O]ler, and W. G. Thiliy, Anal}’sis of L.trgc X-ra~’-indu~xd
population) denaturing gradient gel electroph(msis. Submitted to hfutat t-es
(1992)

11



54. Turkington, E and B. Strauss, In vitro mutagenesis as result of 60-Co-amma-ray-
induced base damage. Mutat. Res, 251:187-199 (1.991)


